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质水平的检测方法，如 Western Blot 等都是对大量细菌裂解液中的毒素抗毒素蛋
白进行检测，是大量细菌内毒素抗毒素蛋白表现的集权平均。对单细菌水平的毒
素－抗毒素蛋白进行快速逐一分析可揭示因集权平均而被掩盖的个体差异，有益
于 TA 系统的异质性考察及亚类表征。 
本论文旨在将双砷染料－四半胱氨酸体系与免疫荧光技术联用，结合实验室




和程序性死亡中的作用；引入双质粒体系，考察 Lon 蛋白对 TA 系统调控的单细
菌水平检测的可行性，为考察 TA 系统间交互作用并发展方便、快捷的毒素蛋白
诱导因子筛选方法垫定基础。本研究发展了单细菌水平、原位、高通量、普适性





论文第二章我们以 MqsR/MqsA TA 系统为研究对象，构建了毒素带 TC 标签
和抗毒素带 TC 标签的重组体系。通过对染色方法、染色时间、染料浓度等的优




















亮氨酸饥饿和热激等几种细菌常见的应激环境，结合 HSFCM，建立了 TA 系统
应激模式的 TA-TC-FlAsH 体系超高灵敏分析方法。对不同应激条件下 MqsA 蛋
白的表达水平进行检测，结果表明抗毒素对不同的应激条件表现不同：氨基酸饥
饿会促使抗毒素蛋白 MqsA 的降解，异亮氨酸饥饿下抗毒素 MqsA 的降解是一个
可以恢复的过程，对热应激抗毒素 MqsA 表现不敏感。 
论文第三章为实现对单细菌水平毒素蛋白和抗毒素蛋白的同时检测，我们将








进一步引入 pBAD30-lon 构建双质粒体系，通过诱导 Lon 蛋白酶来调控 TA 系统
的表达，利用 HSFCM 对细菌进行快速地逐一检测分析，探究 Lon 蛋白酶调控下
单细菌水平毒素蛋白和抗毒素蛋白相对含量的变化。结果表明，与正常生长条件
下细菌表达的 TA 系统相比，Lon 蛋白酶诱导表达的 pT5-lac 下的实验组，其抗
毒素蛋白 MqsA 在 Lon 蛋白酶作用 5-8 h 的时候发生降解，而相应的毒素蛋白含
量变化不大，单个细菌内毒素蛋白与抗毒素蛋白的相对比率上升；Lon 蛋白酶诱
导表达的天然启动子下的实验组，其抗毒素蛋白 MqsA 在 Lon 蛋白酶作用下含
量变化不明显，相应的毒素蛋白含量随着 Lon 蛋白酶诱导时间延长而增加，单
个细菌内毒素蛋白与抗毒素蛋白的相对比率上升。该实验成功验证了 Lon 蛋白


































Single-cell analysis is vital for providing insights into the heterogeneity of 
molecular content and phenotypic characteristics of cells from complex and clonal 
cell populations. The overall goal of this proposal is to develop a new method for 
studying toxin-antitoxin (TA) within individual bacterial cells by combining 
ultra-sensitive flow cytometry with Tetracysteine-Biarsenical (TC-FlAsH) labeling 
system and immunofluorescence technique. Using a laboratory-built high-sensitivity 
flow cytometer (HSFCM), it is possible to perform a high-throughput and 
multi-parameter analysis of TA systems within individual bacteria. It will be a 
powerful tool for clarifying the mechanism and physiological function of toxin - 
antitoxin system in pathogens and have great significance to the development of new 
prevention and control strategies for pathogens, disease diagnosis and treatment. 
In chapter one, the concept, physiological function, biotechnological application 
and various research methods of toxin-antitoxin system study and HSFCM are 
systematically introduced. The research plan and main contents of this dissertation are 
put forward in the end. 
In chapter two, using MqsR / MqsA TA system as the research object, we 
modified toxin-antitoxin system with a biarsenical-tetracysteine motif. By optimizing 
the staining method, the incubation time and concentration of FlAsH-EDT2, the 
fluorescence signal ratio between antitoxin with TC and without TC tag is 2.3: 1 in  
single bacteria, and the fluorescence signal ratio between toxin with TC and without 
TC tag is 2.2: 1 in single bacteria detected by HSFCM. Via successfully established 
the TA-TC-FlAsH strategy, the content of toxin or antitoxin in a single bacteria were 
achieved. Then, we validated the ability of our method in sensitively detecting the 
different expression of TA system. By simulating amino acid starvation, isoleucine 
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MqsA protein under various stress conditions were detected with different expression 
levels. The results show that this high-throughput technique can be used to map TA 
system stress response detections under different types of stress, which will provide a 
better understanding of the fundamental role of TA systems in persister cell formation.  
In chapter three, for the purpose of simultaneous detection of the toxin protein 
and antitoxin protein in individual bacteria, we modified antitoxin gene with a TC-tag 
and toxin gene with a His-tag to make fusion expression. By combining 
ultra-sensitive flow cytometry with Tetracysteine-Biarsenical labeling system and 
immunofluorescence technique, we establish a new dual-fluorescence analysis 
method to simultaneously detect toxin and antitoxin expression in a single bacteria. 
Dual fluorescence detection is the additions and improvements for single fluorescence 
analysis, since the red fluorescence detection channel would not effected by 
autofluorescence bacteria and only when both expressed antitoxin with TC taggedand 
toxinwith His-tag bacterial can be able to be detected. Therefore, even if the low copy 
number of TA system regulated by native promoter, we also have achieved a complete 
fluorescence signal separation of the experimental group with the negative control 
group without  tags. 
In chapter four, for the purpose of establishing an ultra-sensitive analytical 
method to detect the activation of toxin-antitoxin system, a pBAD30-lon plasmid was 
introduced to construct a double plasmid system. Lon proteases regulate the 
expression of TA systems by hydrolyzing the unstable antitoxin. After inducing the 
expression of Lon protease, an in vivo, quantitative, high-throughput detection was 
achieved by HSFCM. The result showed that compared with normal conditions, the 
degradation of antitoxin MqsA occured under the action of Lon protease, while the 
change of toxin was undetectable. According to the result, the above mentioned 
method can be extended to screen toxin activated molecules.  
In conclusion, an in vivo, quantitative, high-throughput, and versatile new 
method is constructed for studying TA systems within individual bacteria. This 
method will pave the way for the study of signal transduction and molecular 
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which will have a significant impact on strategies for designing antibacterials. 
Keywords: toxin-antitoxin system, single bacteria cell level, high sensitivity flow 
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